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Redox  changes  determined  by  genetic  and  environmental  factors  display  well-organized  interactions
in  the  control  of  plant  growth  and  development.  Diurnal  and seasonal  changes  in the  environmental
conditions  are  important  for  the normal  course  of  these  physiological  processes  and,  similarly  to their
mild irregular  alterations,  for stress  adaptation.  However,  fast  or large-scale  environmental  changes  may
lead to  damage  or death  of sensitive  plants.  The spatial  and  temporal  redox  changes  inﬂuence  growth
and  development  due  to the  reprogramming  of  metabolism.  In  this  process  reactive  oxygen  and  nitrogenntioxidants
lowering
ormones
eactive nitrogen species
eactive oxygen species
ompartment-speciﬁc redox control
species  and  antioxidants  are  involved  as  components  of  signalling  networks.  The  control  of  growth,
development  and  ﬂowering  by  reactive  oxygen  and  nitrogen  species  and  antioxidants  in interaction  with
hormones  at organ,  tissue,  cellular  and  subcellular  level  will  be  discussed  in the  present  review.  Unsolved
problems  of the  ﬁeld,  among  others  the  need  for identiﬁcation  of  new  components  and  interactions  in
the  redox  regulatory  network  at various  organization  levels  using  systems  biology  approaches  will  be
also  indicated.© 2013 Elsevier Ireland Ltd. All rights reserved.
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. Introduction
The characteristic pattern of growth and development of sessile
lants is a genetically determined process that can be substantially
odiﬁed by changes in temperature, light (intensity and spectrum)
nd water availability. The physiological processes are ﬁne-tuned
y a circadian clock, which synchronizes gene expression, protein
ynthesis and activity, and the synthesis and degradation of vari-
us compounds with the regular daily alterations in environmental
onditions, consequently ensuring ﬁtness and optimal growth [1].
lants also have to adapt to weekly, seasonal and annual changes
n the environment and to achieve the appropriate mass produc-
ion necessary for successful reproduction. The seasonal alterations
n growth and development are probably regulated by changes in
ay length and temperature, leading to the reprogramming of the
etabolism.
An important consequence of the annual, seasonal or irregular
uctuations in environmental conditions is the alteration of the
ellular redox state (Fig. 1). Redox changes may  also be genetically
etermined. Both the level of reactive oxygen species (ROS) and
ntioxidants shows diurnal changes [2,3]. Abrupt changes in tem-
erature and light intensity may  lead to the accumulation of ROS
ue to the disturbed function of the photosynthetic and respira-
ory electron transport chains. Only the damaging effect of ROS
Red ox ch 
Tri ggered by envi ronm ent
Seaso nal, annual Ir regular mild Ir regular
Control  of  growth 
and develo pme nt Adaptaon Dama
ig. 1. Physiological effects of redox changes. Redox changes are either trigerred by the e
nteraction of the two effects. Seasonal and annual changes in the environmental conditio
o  their mild irregular alterations, for stress adaptation. However, large environmental 
emporal redox changes is genetically determined. The redox changes modify or induce th
nd  antioxidants through the reprogramming of transcriptome, proteome and metabolom . . . .  . . .  . . . . .  .  . . .  .  . . . . .  . .  . . . . . . .  . . . . .  . . .  .  . . .  . . .  .  .  . . . . .  .  .  .  .  .  . . . . . . . . . .  .  . .  .  . 90
on macromolecules was  emphasized in early studies. However,
over the last 15 years increasing attention has been devoted to
their regulatory and signalling role in plant growth and devel-
opment and in adaptation to changing environmental conditions
[4–8]. ROS concentrations are partly regulated by antioxidants,
which usually prevent their accumulation at toxic levels. The
involvement of H2O2 in signalling has been investigated very inten-
sively [5,6]. Its concentration is regulated by a cascade of redox
pairs of reduced glutathione (GSH)–glutathione disulphide (GSSG),
reduced ascorbate (Asc)–dehydroascorbate (DHA), and kept in bal-
ance by metabolically produced NADP+ and NADPH. Changes in the
ratio and amount of reduced and oxidised forms affect the cellular
combined reduction potentials [9] and consequently the accumu-
lation of transcripts encoding several redox-responsive proteins
(Fig. 2) [10]. It is important to study not only the ratios, but
also the total pool of these compounds, referred to as glutathione
(GSH + GSSG) and ascorbate (Asc + DHA), since this is characteristic
for their cellular redox buffering capacity. Although protein thiols
have been suggested to be the major cellular redox buffers based
on a recent redox proteomic approach [11] the non-protein thiols,
especially GSH have important role in the cellular redox control
since GSH/GSSG may  reduce/oxidise or de/glutathionylate protein
thiols. The control of glutathione and ascorbate levels appears to
be coordinated, since an increased ascorbate level in transgenic
anges
Genecally determined
 strong Temporal Sp aal
Control  of  growth, 
devel opme nt and  de athDeathge
nvironment or are genetically determined. The actual redox state is a result of the
ns are important for the normal course of growth and development and, similarly
changes may lead to injury or death of the plants. Certain part of the spatial and
e various physiological processes through regulatory networks including ROS, RNS
e.
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F  regul
m t (dam
a ate, G
p
p
o
a
s
e
m
s
r
h
s
a
d
d
m
o
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s
F
r
s
rig. 2. Speciﬁc functions of the components of the ascorbate-glutathione cycle in the
odiﬁer (thiol/disulphide conversion, de/glutathionylation) and H2O2 is an oxidan
nd  development due these functions. Asc: reduced ascorbate, DHA: dehydroascorb
lants is accompanied by higher glutathione content [7]. All com-
onents of the Asc-GSH cycle have speciﬁc roles in the regulation
f metabolism, which affect growth and development (Fig. 2). In
ddition to H2O2, other ROS (hydroxyl and superoxide radicals,
inglet oxygen) are also involved in redox signalling [5,6,12]. Inter-
stingly, redox (thiol-disulphide) and sugar signals have common
etabolic targets, among others the components of the starch
ynthesis, which indicate the interconnection of the sugar and
edox signalling pathways [10]. A model of the hierarchical and
ighly interconnected dithiol–disulﬁde network involving sen-
ors, redox input elements, transmitters, targets and ﬁnal electron
cceptors were also elaborated [4]. In this network the NADPH-
ependent thioredoxins and glutaredoxins play an important role
ue to their involvement in redox control and the posttranslational
odiﬁcation (thiol-disulphide conversion, (de)glutathionylation)
f proteins [13].As in the case of ROS, reactive nitrogen species (RNS) may  have
oth a disadvantageous, direct effect in the form of nitrosative
tress, and advantageous effects due to their antioxidant nature
NO
Reductive 
Enzymatic Non-enzymatic
NO3
-
GSNO S-nitroso 
S-nitrosylation
NO2
- NO2
-
NR
Ni-NOR,
XOD
Ascorba 
(pH 3.5-
caroteno 
mitocho 
electron
transpor 
GSH Th
ig. 3. Generation of reactive nitrogen species and their effect on posttranslational mo
eactions and can be the precursor of other reactive nitrogen species. These molecules a
ignal  transduction and indirectly the growth and development of plants. Asc: reduced as
adical,  ONOO-: peroxynitrite, Ni-NOR: nitrite-NO reductase, NOS: NO synthase, NR: nitraation of metabolism. NADPH and Asc serves as coenzyme, GSH is a posttranslational
age of macromolecules). They can modify metabolism, and subsequently growth
SH: reduced glutathione, GSSG: glutathione disulphide.
and involvement in signalling mechanisms [14]. The antioxidant
function of NO depends on the concentration and site of action and
it is based ﬁrst of all on chain breaking of free radical-mediated
lipid peroxidation. NO in plants can be generated enzymatically by
nitric oxide synthase-like enzyme, nitrate reductase or nitrite-NO
reductase and by peroxisomal xanthine oxidase under anaero-
bic conditions, while NO generation may  also be associated with
polyamine catabolism (Fig. 3). In plant tissues non-enzymatic
reduction of NO2− to NO has been shown through light-mediated
reaction by carotenoids, by ascorbic acid at acidic pH and by
the mitochondrial electron transport chain [15]. The oxidative
metabolism of NO generates further RNS, including NO2, N2O3,
peroxynitrite (ONOO−), S-nitrosothiols and S-nitrosoglutathione
(GSNO). NO and GSNO induce the S-nitrosylation of target pro-
teins by the transfer of NO moiety to reactive cysteines that are
surrounded by a consensus grouping of amino acids (the acid–base
motif theory). The S-nitrosothiol formation was shown to impact
the structure of target proteins (Fig. 3) [16,17]. These redox-based
modiﬁcations can be reversed and can serve as a redox switch
Oxidative
Enzymatic
thiols
 of proteins
Nitration  of 
DNA, proteins, lipids
te
5. 5), 
ids (hν),
ndrial 
 
t cha in 
Arginine
?
Polyamines
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-
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diﬁcation of proteins. NO can be formed both in enzymatic and non-enzymatic
re involved in the protein nitration and S-nitrosylation which affect metabolism,
corbate, GSH: reduced glutathione, GSNO: S-nitroso glutathione, O2•−: superoxide
te reductase, XOD: xanthine oxidase.
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esponsive to the cellular redox status. The reaction of NO with
he superoxide anion leads to the formation of a strong oxidizing
gent, ONOO−. This compound can modify proteins by a gener-
lly irreversible nitration of tyrosine or tryptophan residues and
t also reacts with DNA, forming 8-nitroguanine. Up to 1 mM con-
entration peroxynitrite does not induce cell death in plant tissues,
owever it is involved in the posttranslational modiﬁcation of pro-
eins. Tyrosine nitration may  have both stimulatory and inhibitory
ffect on enzyme activities, the latter being the most common
onsequence but it may  also have toxic effects and may  contribute
o cell death [15,18].
The subcellular distribution of ROS, antioxidants and the redox
tate in cell compartments is of great importance for proper plant
rowth and development, as the activity of genes and enzymes
ave speciﬁc redox requirements. Small shifts in these parameters
an induce changes in gene expression, defence signalling and cell
eath. In this context, the changes in the levels of ROS and antiox-
dants are involved in the control of cell proliferation in the nuclei
19], and of cell death and senescence in mitochondria, chloroplasts
nd peroxisomes [20–23]. The vacuoles seem to be involved in the
equestration of ROS and GSSG in the case of severe oxidative stress
24]. It thus becomes obvious that the subcellular distribution of
OS, and of antioxidants such as ascorbate and glutathione, and
he redox state of certain cell compartments play a key role in the
ne tuning of plant growth and development.
Antioxidants, ROS and RNS interact with various plant hormones
n the regulation of growth and development, as well as in biotic and
biotic stress responses [5,25–28]. The cross-talk between redox
ystems and hormones is very intensive. ROS affect the biosynthesis
f hormones and serve as secondary messengers in their signalling
athways. On the other hand, various hormones control ROS gener-
tion and stimulate the expression of redox system-related genes.
The redox control of stress responses has been discussed in
everal recent reviews [5,6,29]. In the present review the regu-
atory cross-talk of antioxidants, ROS and RNS with hormones, is
iscussed mainly in plants grown under optimal environmental
onditions.
. Participation of reactive oxygen species and antioxidants
n the regulation of growth and development
.1. Redox control of metabolism
The redox environment is generally highly reducing under
ptimal conditions in plant cells, which ensures the appropriate
etabolism in organisms living in an oxidising atmosphere. The
edox couples of the Asc-GSH cycle contributes to the maintenance
f this reducing environment since they are maintained in a gen-
rally reduced state in plants growing under optimal conditions as
ndicated by the high ratio of the reduced forms (Table 1). A very
igh ratio of GSH to GSSG exists in unstressed plants, which was 20
or wheat and 50 for olive [30,31]. Interestingly this ratio was much
ower (varied between 1.3 and 2) for the Asc/DHA, NADPH/NADP+
nd NADH/NAD+ couples (Table 1). The electron ﬂow between
able 1
edox state of various redox pairs under optimal and salt stress conditions in olive.
Asc/DHA GSH/GSSG NADPH/NADP+ NADPH/NADP+
Control 2.0 50.7 1.9 1.3
200 mM NaCl 2.7 6.7 2.1 1.2
oncentrations under control conditions in nmol (g FW)−1: Asc: 2180, GSH: 158,
ADPH: 14, NADH: 9. The amount of Asc decreased to 80%, that of DHA to and
SH to 60%, while GSSG concentration increased 4.5-fold after salt treatment. The
oncentrations given in the ﬁgure legend were taken and the ratios of the reduced
nd oxidised forms were calculated from the data published in Tables 3 and 4 of the
rticle by Valderrama et al. [31].ce 211 (2013) 77– 91
these redox couples is ensured by the increasing reduction poten-
tial (NAD(P) < glutathione < ascorbate) [2].
The antioxidants maintaining this reducing environment are
under the control of light quality signals, including red/far red ratio
as shown for ascorbate in Phaseolus vulgaris [2]. A higher H2O2
content coincides with a greater GSH level during the day due
to this regulation and the level of both compounds shows diur-
nal light/dark cycling [3,32]. The generation of reducing power
in plants during the light-driven electron transfer from water to
NADP+ in the course of photosynthesis also shows daily ﬂuctua-
tions. Changes in the NADPH/NADP+ ratio affect both the redox
state of antioxidants and ROS formation, which in turn leads,
through a redox signalling pathway, to the reprogramming of the
metabolism of many compounds, including carbohydrates, sulphur
and nitrogen containing organic compounds [4].
The redox regulation of the whole metabolome was  demon-
strated in Arabidopsis plants by treatment with the strong reductant
dithiothreitol in the light [10]. Carbohydrate metabolism was
affected since 14C-glucose uptake and its ﬂux into sucrose
decreased. In addition, the synthesis of cell wall constituents, amino
acids, organic acids and starch increased. To see whether these
changes were due to the redox-dependent changes in the activity
of the related enzymes because of their posttranslational modiﬁca-
tions or due to the redox control of gene expression, a transcriptome
analysis has also been done. Altered expression of genes cod-
ing components of redox regulation, transport processes and the
cell wall, protein and amino acid metabolism was  observed [10].
The redox control of transcript proﬁle can be based on shift in
reduction potential of the various redox couples or on changes in
ROS concentrations. The speciﬁc effect of the individual ROS (1O2,
O2•−, H2O2) was  checked by comparing their transcriptomic foot-
prints in Arabidopsis mutants, transgenic lines or in plants treated
with inducers of ROS [12]. Besides genes responding to all ROS,
the level of several transcripts was only inﬂuenced by one of the
ROS. In addition, a high number of receptor-like kinase genes [33]
were responsive to ozone-induced oxidative stress (formation of
various ROS), while much less [21] to the accumulation of H2O2
in catalase-deﬁcient mutants in Arabidopsis [8]. Similarly, many
receptor-like kinase genes [34] were affected by low ascorbate, but
only ﬁve by low glutathione [8]. These results indicate the high
speciﬁcity of the H2O2-, ascorbate- and glutathione-dependent
regulation of gene expression. In contrast to these observations,
treatment with hydrogen peroxide and induction of superoxide
radical formation by methyl viologen resulted mostly in the oxi-
dation of the same proteins (involved in carbohydrate metabolism,
photosynthesis, redox homeostasis and nitrogen assimilation) in
Arabidopsis choloroplasts [11]. This contradiction observed at pro-
teome and transcriptome level can be explained by the different
experimental approaches. In the investigation of the redox trans-
criptome several genotypes and treatments were included [8,12]
while in the investigation of the redox proteomes only one geno-
type was  subjected to two  different treatments [11]. In the latter
study ribulose-1,5-bisphosphate carboxylase oxygenase, a primary
oxidation target was suggested to be redox buffer due to its high
concentration. Thus, besides non-enzymatic antioxidants, proteins
are also very important in the maintenance of cellular redox
homeostasis. Tyrosine phosphatases are also important in the con-
trol of cellular redox state. They are inactivated by oxidative stress
and activated by reduction [35]. These phosphatases regulate the
MAP  kinases involved in various signalling pathways [4] and may
be involved in perception of redox changes (Fig. 4). Other pos-
sible redox sensors are peroxiredoxins, glutathione peroxidases
and GSSG/glutaredoxins [4]. The redox gradient across the plasma
membrane, deriving from the highly reducing intracellular redox
environment and the highly oxidising one in the apoplast has
also been suggested to be a redox sensor [8]. The changes in this
G. Kocsy et al. / Plant Scien
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Fig. 4. Redox control of growth and development through the mitogen-activated
protein kinase cascade. The redox sensor may  be an unidentiﬁed protein kinase
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antioxidants and ROS may  coordinate the development of roots andhich may  affect protein phosphatases through a redox signalling pathways. These
hosphatases regulate protein kinase cascade and subsequently effect metabolism.
radient may  regulate receptor-like protein kinases of the plasma
embranes which also participate in the control of growth and
evelopment.
The investigation of the redox control at transcriptome, pro-
eome and metabolome levels indicate both common and speciﬁc
oles of the individual ROS. The synthesis of the results obtained
sing omics approaches by systems biology tools can be applied
or determination of hubs and bottlenecks in the redox regulatory
etwork [4].
.2. Redox control of growth and development at cellular level
The redox-dependent reprogramming of the transcriptome,
roteome and metabolome leads to changes in growth and devel-
pment. The basis of plant growth is cell proliferation, which is
nder redox control. A dual role of ROS was proposed for the regu-
ation of the division of alfalfa mesophyll cells, depending on their
oncentration, duration and site of action [36]. Low level of ROS or
horter exposure to a certain concentration promotes cell division
hile their excess or longer exposure may  lead to cell death. The
lteration in ROS concentrations in cells or cell compartments may
lso inﬂuence cell division. Such regulatory role was described for
ntioxidants since changes in the nuclear GSH concentration and
he redox state of ascorbate were described during the cell cycle
7,19]. Asc induces mitosis, while DHA inhibits it. It is not clear
hether the individual ROS and antioxidants have special functions
n the regulation of mitosis or whether there is a redox checkpoint
here the various regulatory paths converge, as has also been sug-
ested [7]. The switch from mitosis to meiosis is very important
n sexually reproducing eukaryotes and ROS or antioxidants may
e also involved in the control of this process. This hypothesis is
upported by the observation that the transition to meiosis was
ffected by a putative glutaredoxin in rice anthers [37]. However,
urther studies are necessary for the veriﬁcation and detailed char-
cterization of the redox control of meiosis.ce 211 (2013) 77– 91 81
The redox regulation of cell differentiation was demonstrated
during the transition of mesophyll cells to tracheary elements
in Zinnia cell cultures and during the development of Arabidop-
sis roots. The GSSG concentration transiently increased and the
transcription of the GLUTATHIONE REDUCTASE gene was  inhibited
during this process [38]. The overexpression of the GLUTATHIONE
REDUCTASE gene in Arabidopsis delayed tracheary element forma-
tion in the root, and the exogenous application of GSH had a similar
effect. Changes in the ascorbate metabolism were also associated
with cell differentiation in plants [7]. Results cited in the previ-
ous and this section indicate that a more reducing cellular redox
environment may  promote cell division, and a more oxidising envi-
ronment cell differentiation.
2.3. Redox control of growth and development at tissue and
organ levels
The redox control of growth and development was observed
not only at the cellular, but also at the tissue and organ levels.
Both O2•− and H2O2 may  have special functions in the control of
root growth as indicated by the localization of O2•− in the transi-
tion zone between the meristem and rapidly elongating cells and
by the presence of H2O2 in the wall of the fully elongated cells
in the region of root hair formation [39]. ROS and antioxidants
may be interconnected during the regulation of growth through
NADPH which serves as a substrate for NADPH oxidases produc-
ing O2•− and as an electron donor for GSSG. The involvement of
glutathione in the control of root growth due to its redox buffer-
ing capacity and its speciﬁc functions was shown in Arabidopsis
[40]. Treatment of wheat and maize with various reductants and
oxidants affected the total amount of non-protein thiols, the ratio
of their reduced and disulphide forms and the development of
roots and shoots (Kocsy G., unpublished results). Changes in the
concentration and in the reduction potential of the GSH/GSSG
and other redox couples make possible the ﬁne regulation of the
cellular redox environment and consequently the growth of the
plants.
The redox regulation of embryo development was  described
in spruce and canola [41]. Greater amounts of Asc and GSH were
necessary for appropriate cell proliferation during early embryo
development, while greater levels of DHA and GSSG were subse-
quently required for cell elongation and the proper organization
of the root apical meristem [41]. In the root apex glutathione and
ascorbate are mainly found in oxidized forms in the very slowly
dividing cells of the quiescent centre, while they are in reduced
forms in the adjacent, rapidly dividing cells of the root meristem
[25]. Compared to the surrounding tissues, the quiescent centre is
enriched in transcripts related to hormones, signalling, metabolism
and cell division in Arabidopsis, though mutants for these genes
show no change in phenotype [42]. This can be explained by
functional redundancy, which may ensure the normal develop-
ment of the root apex even if certain genes encoding transcription
factors (bZIP, AP2, NAC, Zinc ﬁnger, Myb, MADS) related to ﬂow-
ering exhibit mutations. The triple mutant ntra ntrb cad2, which
is defective in thioredoxin reduction and GSH synthesis, lost api-
cal dominance and had vasculature defects and reduced secondary
root formation [13]. This mutant has a higher percentage of GSSG
due to the reduced amount of the total glutathione. Since the reduc-
tion of both thioredoxins and GSSG are NADPH-dependent, the
changes observed in the mutant may  indicate that NADPH plays
an important role in the redox control of root development. Certainshoots due to their transport between the two  organs as described
for ascorbate in poplar [7]. Based on the observations cited in this
section it is feasible that the alteration in the redox state of GSH/Asc
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s not only an indicator of the general redox changes, but it is part
f a redox regulatory mechanism.
Besides the vegetative organs, characteristic changes in the ROS
evel were found during the growth of the ﬂower buds, their open-
ng and after fertilization [43]. Until the opening of ﬂowers H2O2
as the most abundant ROS in stigma of olive, however H2O2 lev-
ls decreased parallel to the increase in O2.- concentration after the
dhesion of pollen grains. An increase in H2O2 and O2•− concen-
rations was found during the release of mature pollen grains in
nthers of olive. These observations indicate that the various ROS
ay  have speciﬁc functions during the ﬂower bud formation, open-
ng and after fertilization in stigmas and anthers. However, it would
e interesting to know which spatial and temporal changes occur
n ROS level in these parts of the ﬂower at subcellular level, and
hich effects do they have on metabolism.
.4. Redox control of senescence and cell death
The redox control of senescence and death processes was  also
hown in plants [9,44]. The mechanism of the redox regulation
f apoptosis was clariﬁed in animals, where GSH depletion was
ound to precede ROS accumulation [45]. This is an active process,
ince the activation of death receptors led to GSH extrusion across
he plasma membrane. GSH may  affect apoptosis through the
osttranslational modiﬁcation of target proteins and may  subse-
uently activate caspases and inactivate anti-apoptotic signals. The
ignalling pathways of apoptosis-like processes and the involve-
ent of ROS and antioxidants need to be clariﬁed in plants [44].
ell death is an integral part of plant growth and development, as
bserved in the tapetum cells of anthers, during the differentiation
f tracheary elements in the xylem, during the elimination of sus-
ensor cells, and in senescing leaves and petals. The redox control of
enescence was shown by the artiﬁcial ageing of Lathyrus pratensis
eeds, in which a decrease in seed viability was correlated with the
alf-cell reduction potentials of thiols [9]. Thus, this parameter is a
ood marker for viability. Although the determination of the reduc-
ion potential in tissue extracts is possible, its measurement would
e even more important at cellular or subcellular level for the bet-
er understanding of redox processes. The redox-sensitive GFP can
e used for the general characterization of the redox environment,
ut not for that of the individual redox pairs.
.5. Redox control of stress response
ROS and antioxidants have an important role in the repro-
ramming of the metabolism in stressed plants, leading to a
eduction in growth and development and to the activation of
efence processes [2,6]. The regular daily diurnal ﬂuctuations in
ntioxidants disappear under stress conditions, as observed for the
ctivity of the enzymes involved in the GSH metabolism [46]. Thus,
he activity of adenosine phosphosulphate reductase required in
he synthesis of the GSH precursor Cys, GSSG reductase and GSH
-transferase remained continuously high during chilling of maize.
nterestingly, a similar effect was observed for nitrate reduc-
ase, indicating the coordinated control of sulphate and nitrate
eduction. A correlation was found between freezing tolerance
nd the H2O2 concentration, and the amounts and redox state of
scorbate and glutathione in wheat genotypes with different levels
f freezing tolerance after 3 weeks of cold hardening [30]. The
edox environment became more oxidising after 3 weeks at 2 ◦C
s shown by the lower Asc and GSH contents and GSH/GSSG and
sc/DHA ratios. Similarly, salt stress decreased the GSH/GSSG ratio
n salt-stressed olive, however the NAD(P)H/NAD(P)+ ratios were
ot affected, and the Asc/DHA ratio even slightly increased (Table 1,
1). The modiﬁcation of the redox environment by salt treatment
ffected embryo development in Dactylis glomerata suspensionce 211 (2013) 77– 91
cultures, where more reducing conditions induced the proliferation
and formation of pro-embryogenic masses, while more oxidizing
conditions led to differentiation and to the formation of somatic
embryos [47]. Depending on the intensity and length of the
unfavourable environmental conditions, different modiﬁcations in
growth and development will be induced ranging from the stress
adaptation through the stress-induced early ﬂowering until the
death of the plants (Fig. 1). Consequently, the individual ROS and
antioxidants and the changes in their concentrations may  have
speciﬁc roles in the determination of the alterations in growth and
development of stressed plants. However, this hypothesis should
be clariﬁed in further studies in which ROS and antioxidants will
be monitored at different organization levels.
2.6. Model of the redox control of growth and development
Redox changes in the plants are either triggered by the environ-
ment or are genetically determined (Fig. 1). The actual redox state
is a result of the interaction of the two  effects. Seasonal and annual
changes in the environmental conditions are important for the nor-
mal  course of growth and development and, similarly to their mild
irregular alterations, for stress adaptation. However, large environ-
mental changes may  lead to injury or death of the plants due to the
damage to macromolecules (lipids, proteins, nucleic acids). Certain
part of the spatial and temporal redox changes is genetically deter-
mined; among others cell-speciﬁc differences in root apex or shifts
in the redox environment during development (see Sections 2.3 and
2.4). The different types of redox changes affect growth and devel-
opment through signalling networks due to the reprogramming
of the transcriptome, proteome and metabolome. In this network
changes in the combinations of different redox states of various
redox pairs and in the concentration of various ROS and RNS could
be the basis of a very complex redox regulatory system, affecting
gene expression and enzyme activities and subsequently energy
use and the metabolism.
3. Participation of reactive nitrogen species in the
regulation of plant growth and development
3.1. General effect of reactive nitrogen species
In contrast to ROS, there are only few data on diurnal alteration
of reactive nitrogen species (RNS). NO emission exhibited a typical
diurnal cycle in an antisense nitrite reductase transformant tobacco
plants which accumulated nitrite 5-fold over wild type and emitted
much more NO during the whole light/dark cycle [48]. The diur-
nal cycle in NO content may  be due to the diurnal alterations in
NR activity [46] which enzyme is involved in the NO formation.
NO generation may  also depend on light in the chloroplast [14]. In
addition, some RNS are formed by the interaction of NO with ROS or
antioxidants, thus RNS control several metabolic pathways having
regular temporal ﬂuctuations.
Nitric oxide is an important signal in various physiological
events in plants, such as germination, root development, stomatal
closure, ﬂowering, nodule formation, leaf senescence, cell death,
and the acclimation of plants to abiotic and biotic stresses [49].
NO integrates into plant signal transduction and interferes
with other signalling pathways by the S-nitrosylation of speciﬁc
signalling intermediates, protein kinases, phosphotransfer pro-
teins and transcription factors. Due to NO-induced activation of
guanylate cyclase, there are transient increases in cyclic guano-
sine monophosphate levels that are also implicated in NO-induced
signalling. The other reactive form of nitrogen, ONOO− may  con-
trol signal transduction through the nitration of speciﬁc tyrosines
which otherwise are targets of phosphorylation [50].
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.2. Effect of NO on germination
The NO-induced breakage of seed dormancy can be detected
n several species, and this is coupled with reduced abscisic acid
ccumulation. NO may  regulate respiratory oxygen consumption
n germinating seeds. Nitrite, as an alternative elctron acceptor,
as found to generate NO as an alternative electron acceptor in
he mitochondrial electron transport chain. This process maintains
he oxidation state of the accumulated NAD(P)H and contributes
o ATP synthesis under hypoxic conditions in the seeds. Both non-
nzymatic and enzymatic NO production is of special importance
uring germination which acts in correlation with ethylene, carbon
onoxide, H2O2 and gibberellic acid in breaking seed dormancy
51] A NO-releasing compound, NOC-18 markedly increased GSH
ccumulation in recalcitrant seeds of Baccaurea ramiﬂora, and
nhanced the activities of the antioxidant enzymes involved in the
lutathione-ascorbate cycle. It also decreased the H2O2 content
n the embryo, which improved the germination percentage and
hilling tolerance of seeds [52]. NO enhanced osmotic stress
olerance and promoted the germination of wheat under high
alinity by increasing the respiration rate and ATP synthesis [53].
hese observations indicate that there is a cross-talk between NO,
ormones and ROS signalling and the details need to be clariﬁed
y following the temporal and spatial regulation of ROS and RNS
roduction in tissues, cell types and cell compartments of seeds
uring dormancy release.
.3. Effect of NO on growth and organ development
NO is involved in the control of the elongation growth of plant
rgans. The hypocotyl length of Arabidopsis seedlings was  reduced
y GSH treatment and by the inhibition of nitrate reductase and NO
ynthase [54]. The authors concluded that well-balanced pools of
eductants/oxidants are essential for hypocotyl elongation and that
his process is controlled by NO in etiolated Arabidopsis seedlings
54]. These results indicate that it would be interesting to dissect
he role of the individual RNS, ROS and antioxidants in the apoplast
n order to elucidate their role in the control of elongation growth.
NO was observed to affect growth not only under optimal
onditions, but also in stressed plants. Exogenous NO generated
rom sodium nitroprusside [Na2[Fe(CN)5NO] alleviated salt stress
njury in cucumber [55]. The NO donor enhanced the elongation
f hypocotyls and radicles, stimulated ROS-scavenging enzymes,
ecreased the H2O2 content and reduced lipid peroxidation in
issues exposed to high salinity. Salt-induced ultrastructural
amage in the mitochondria and cell walls of root tip cells could
lso be diminished by NO treatment [55]. The protective effect of
O against salt stress was mediated by antioxidants, suggesting an
nteraction between RNS, ROS and antioxidants during the stress
esponse.
The development of root system and the formation of lat-
ral and adventitious roots are regulated by hormonal and
nvironmental factors. Auxin-induced lateral root development
s mediated by NO, which is associated with the activity of
itrate reductase in Arabidopsis [56]. Auxin-mediated differenti-
tion of adventitious roots in the hypocotyl base of sunﬂower
an be divided into an NO-independent induction phase and NO-
ependent initiation and extension phases. Treating hypocotyl
xplants with 1-naphthylphthalamic acid, an inhibitor of basipetal
uxin transport, prevented NO accumulation and adventitious root
evelopment. This suggests that polar auxin transport and the
ppropriate location of auxin efﬂux carriers (PIN proteins) are nec-
ssary for NO-mediated root initiation [57]. The involvement of NO
n the development of reproductive organs was shown in olive, in
hich its level increased both in stigmas and anthers when the
ature pollen grains were released [43].ce 211 (2013) 77– 91 83
3.4. Role of NO in the senescence and plant cell death
NO is an anti-senescence agent and the mechanism through
which NO may  counteract senescence is related to preventing the
formation of deleterious ROS, lipid peroxidation and chlorophyll
degradation. NO may  inhibit ethylene biosynthesis, a senescence
promoting factor thus prolongs the post-harvest life of horticultural
plants. An NO-deﬁcient mutant (nos1 noa1—the corresponding pro-
tein is not a NO synthase as it was  originally thought but a GTPase,
therefore it effects NO levels only indirectly) of Arabidopsis has
an early senescence phenotype [58]. Both chlorophyll degradation
and the up-regulation of senescence marker genes were inhibited
and senescence was delayed in ein2-1/nos1 noa1 double mutants,
suggesting that EIN2, a positive regulator of ethylene signalling, is
involved in the early senescence of nos1 noa1 mutants caused by
NO deﬁciency [58]. NO can modify fruit ripening, a speciﬁc type of
organ senescence by the direct control of ROS-scavenging enzymes
or by interfering with the relevant signalling cascades. In kiwi fruit
ROS effects were reversed by NO via the up-regulation of genes cod-
ing for superoxide dismutase and catalase and via the suppression
of lipoxygenase [59].
The role of NO in cell death programme was  studied as well.
The NO and GSNO generated during nitrosative stress may  par-
ticipate in deleterious nitrosylation reactions. Rice noe1 mutant
was identiﬁed due to a higher S-nitrosothiol content, an increased
expression of nitrate reductase and an increased generation of NO.
Moreover, the mutant proved to be catalase deﬁcient, contained
more H2O2 in leaf tissues and exhibited a leaf cell death pheno-
type after high light exposure. Removal of NO reduced the cell
death suggesting that NO is an important endogenous mediator of
H2O2-induced leaf cell death [60]. In animal cells glyceraldehyde-3-
phosphate dehydrogenase was  identiﬁed as one of the ﬁrst targets
of S-nitrosylation. This modiﬁcation facilitated the nuclear trans-
port of the glyceraldehyde-3-phosphate dehydrogenase complex,
leading to the initiation of apoptosis [60]. A similar nitrosyla-
tion of glyceraldehyde-3-phosphate dehydrogenase occurred in
tobacco suspension culture cells but S-nitrosylation affected only
a small proportion of the glyceraldehyde-3-phosphate dehydroge-
nase population [61]. The S-nitrosylation of the proenzyme form of
metacaspase 9 (AtMC9), an apoptosis-associated cysteine-protease
in plants, keeps the enzyme in the inactive, unprocessed form sug-
gesting that there is a NO-dependent control of protein degradation
during cell death [17]. The uncontrolled accumulation of ROS and
NO may  result in detrimental, irreversible processes. A simulta-
neous increase in NO and H2O2 led to the activation of cell death in
tobacco BY-2 cells [44] and in tomato cell suspension cultures dur-
ing salt stress [62]. Several forms of reactive nitrogen and oxygen
can chemically react with each other or can mutually promote the
synthesis of one another suggesting that RNS and ROS  may  function
in combination to initiate cell death.
3.5. The source of NO during various developmental processes
and environmental conditions
It seems likely that plants use alternative NO-producing sys-
tems in various physiological contexts. The distinct regulatory
characteristics of the NO producing systems in various cell
compartments determine the interaction with reactive oxygen
forms. Arg-dependent NO generation can be detected in plastids,
mitochondria and peroxisomes during salt stress, P-starvation and
pathogen defence [15]. Nitric oxide synthase-like activity con-
tributes to NO production in response to high temperature stress,
drought, wounding and in the stomata of Brassica juncea [14,63].
In contrast, nitrate reductase-dependent NO production could be
observed during the abscisic acid-induced closure of the stomata
in Arabidopsis thaliana [64]. Apoplastic NO may  be generated by
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wo  weeks. NO was detected by 4-amino-5-methylamino-2′7′-diﬂuoroﬂuorescein (D
lasma membrane-bound nitrate reductase and nitrite-NO reduc-
ase in roots [65]. In the case of oxygen deﬁciency the main
O producers are the mitochondria [14]. The low-temperature-
nduced accumulation of NO was observed in shoot apices (being
n the vegetative phase) of 5-week-old winter wheat, the freezing-
olerant variety Cheyenne and in the moderately sensitive variety
hinese Spring (Fig. 5; control staining: Supplementary Fig. S1). The
rigin of the NO in cold-treated wheat could be the subject of future
xperiments.
RNS, like ROS, are involved in the mediation of regular and
rregular environmental ﬂuctuations and the appropriate adjust-
ent of the metabolism, growth and development of plants, but
he molecular mechanisms underlying several important events in
lant life remain to be discovered. In contrast to ROS, our knowl-
dge on the implication of NO or other nitrosylated or nitrated
erivatives in cell cycle re-entry, cell cycle progression and cell
ivision is still only fragmentary. However, the results obtained
n mammals provide promising guidelines for plant research.
. Cross-talk between hormones and redox systems during
rowth and development
.1. Interactions between the redox systems and hormones
Plant growth and development as well as plant interactions with
he environment are regulated by a complex network involving
ot only ROS and RNS, but also plant hormones. As in the case of
OS, daily ﬂuctuations also occur in the levels of most hormones
e.g., 66]. Thus, hormone metabolism is adjusted to daily changeses of 5-week-old seedlings of the freezing-tolerant winter wheat (Triticum aestivum)
inese Spring (C, D) cultivated at 20/17 ◦C (A and C) or at 5 ◦C (B and D) for additional
M) dye using a Zeiss Axiowert 200 M ﬂuorescent microscope. Bar represents 50 m.
in light and temperature and also to long-term seasonal changes
in environmental conditions. Apart of these regular rhythms, hor-
mone metabolism is affected by actual developmental stage and
environmental factors.
ROS and RNS are integral parts of the plant hormone signalling
pathways. Dynamic relationship between plant hormones and ROS
is indicated by the fact that ROS induce the synthesis of several
hormones, such as ethylene, salicylic acid, jasmonate and brassi-
nosteroids [67]. On the other hand, some hormones (e.g. abscisic
acid, salicylic acid or auxin) also induce ROS production. Plant
hormones also affect the redox equilibrium by stimulation of the
transcription of genes encoding components of the redox sys-
tem, e.g. glutathione S-transferase [68]. Cytokinins stimulate the
NO catabolism, thus suppressing the responsiveness to NO [69].
Peroxynitrite, a product of NO interaction with superoxide, was
reported to react directly with trans-zeatin in vitro. Several nitro-
and nitroso-trans-zeatin and isopentenyladenine derivatives were
identiﬁed in Arabidopsis continuous NO-unstressed cnu1-1 and 1-2
mutants having elevated levels of cytokinins. N6-nitro- and N6-
nitroso-zeatin exhibited similar biological activity as trans-zeatin,
8-nitro-zeatin was much less effective. The occurrence of 8-nitro-
trans-zeatin in plant tissues suggests that the reaction of cytokinins
with ONOO− may  control the RNS level in vivo.
4.2. Coordinated redox and hormonal regulation of metabolism
and development
Cross-talk between ROS and hormones regulates many
metabolic and developmental processes in plants. Brassinosteroids
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ere reported to induce an increase in hydrogen peroxide, which
ccumulated on the cell walls of mesophyll cells facing the inter-
ellular spaces [70]. Appropriate hydrogen peroxide accumulation
esulted in an increase of the ratio of GSH to GSSG, elevation in the
ontent of Rubisco activase, activation of Rubisco and enhanced
O2 assimilation [70]. Cell cycle progression from the G0 to the G1
hase requires both ROS generation and auxin [36]. The cell elon-
ation associated with cell wall loosening is associated with ROS
roduction, after being stimulated by auxins and brassinosteroids
71]. Nodulation is a complex process requiring both ROS and
 number of hormones (cytokinins, auxins, gibberellins, abscisic
cid, ethylene, salicylic acid, jasmonate and strigolactones) [72].
rassinosteroids promote cadmium stress tolerance by elevating
he activities of antioxidant enzymes [73]. A similar inducing effect
n the activity of antioxidant enzymes is exhibited by cytokinins,
hich delay chlorophyll degradation and preserve chloroplast
ntegrity, e.g. during dark-induced senescence [34]. These results
how that many effects of hormones are mediated by ROS. ROS may
nable a convergence of different hormone signalling pathways
e.g. stimulation of stomatal closure by both abscisic and salicylic
cid). Control of NO level, which is up-regulated by abscisic acid
nd down-regulated by cytokinins, may  underlie the antagonistic
elationship between these two hormones.
One of the best characterized interactions between hormones
nd the redox system is the control of root apical meristem organi-
ation. As mentioned above, the roots contain a quiescent centre,
 group of cells necessary for the maintenance of meristematic
ctivity in the root tip. The slowly dividing cells of the quiescent
entre, which remain predominantly in the G1 phase, are in a highly
xidized status (high content of DHA and GSSG; high level of super-
xide and hydrogen peroxide) together with a very high level of
uxin [25]. In contrast, the adjacent proximal meristem cells have
 reduced redox state and rapidly dividing cells. The redox and
uxin gradients ensure the optimal size of the quiescent centre.
ADPH-dependent thioredoxin and glutathione systems strongly
ffect the auxin metabolism and transport. The down-regulation of
hese processes has severe developmental consequences, resulting
n smaller root meristems and the pin-like shoot phenotype [13].
SH levels inﬂuence the expression of the auxin efﬂux carriers PIN1,
IN2, PIN3, PIN4 and PIN7 [13,40].
Root apical meristem behaviour is very dynamic, responding
o multiple environmental stimuli, especially to nutrient availabil-
ty and abiotic stresses. Phosphate deﬁciency induces a reducing
nvironment in the quiescent centre, coinciding with cell differ-
ntiation and leading to determinate primary root growth [74].
imultaneously, the stimulation of lateral root formation is initiated
n areas rich in phosphate.
.3. Cross-talk between plant hormones and ROS during plant
nteractions with the environment
Intensive cross-talk between ROS, RNS and abscisic acid occurs
n developmental stages associated with dehydration (e.g., during
eed desiccation), during diurnal temperature variations (in order
o maintain leaf water potential), or during the responses to abiotic
tresses, especially those associated with dehydration (drought,
alinity and cold). Abscisic acid stimulates the production of ROS
nd RNS in the guard cells, resulting in stomatal closure as well
s big changes of the transcriptome. Hydrogen peroxide produc-
ion is mediated by the NADPH oxidase catalytic subunits AtrbohD
nd AtrbohF [75]. Hydrogen peroxide activates the Ca2+ channels
n guard cell plasma membranes, thus contributing to stomatal
losure. Abscisic acid also triggers generation of NO, which is indis-
ensable for stomatal closure, stimulating both MAPK activity and
yclic guanosine monophosphate production [64].ce 211 (2013) 77– 91 85
Hydrogen peroxide activates, usually after biotroph attack,
synthesis of salicylic acid, which in turn induces H2O2 accu-
mulation [26]. This self-amplifying loop is necessary for the
formation of leaf necroses, which limits pathogen spreading in
the plant. Lipopolysaccharides, e.g., from gram-negative bacte-
ria, cause NO generation [76]. Salicylic acid and NO function in
a positive feed-back loop. Both induce changes in the cellular
redox state, which result in the monomerization of NONEXPRES-
SOR OF PATHOGENESIS-RELATED PROTEINS1 (NPR1) oligomers
held in cytosol together by disulphide bridges. NONEXPRESSOR OF
PATHOGENESIS-RELATED PROTEINS1 monomers are translocated
into the nucleus, where they interact with TGA  transcription fac-
tors and induce a transcription cascade [26]. NONEXPRESSOR OF
PATHOGENESIS-RELATED PROTEINS1 is essential for salicylic acid
signal transduction, being the key regulator of systemic acquired
resistance.
Salicylic acid stimulates the production of ROS by peroxidases as
well as of NO [77] in guard cells, which results in stomatal closure.
Salicylic acid increases plant tolerance not only by regulating sto-
mata, but also by stimulating the activity of the antioxidant system.
Exogenous application of salicylic acid resulted in an elevation in
the level of hydrogen peroxide and in the activities of antioxidant
enzymes in maize [27]. An increase in the activities of a number
of antioxidant enzymes was also observed after pre-soaking of pea
seeds in salicylic acid [29].
The interplay between ROS and hormones is also very intensive
in the case of the exposure to ozone. ROS generated from ozone
degradation may  either cause direct necrotic damage or induce
apoptosis. Salicylic acid and ethylene control and promote ROS
formation and lesion propagation, while jasmonate is involved in
limiting lesion spread [78]. The aerenchyma formation, associated
with the response to ﬂooding or sulphur deﬁciency, requires both
ethylene function and ROS formation [79].
4.4. A model for the cross-talk between hormones and redox
systems
These data clearly show that the integration of developmental
and environmental signals is modulated by cross-talk between ROS,
RNS and plant hormones, which signiﬁcantly affects both develop-
mental changes and stress responses [28]. ROS and NO occupy a
central hub position in this cross-talk and mediate the effects of var-
ious hormones on metabolic and physiological processes (Fig. 6).
The spatial and temporal changes in the levels of ROS, NO and
hormones at various organization levels are very important in the
operation of this regulatory network. The concentration-dependent
effect of ROS and their interaction with auxin was  described in the
case of cell cycle [36]. Similar effect can be supposed in the control of
growth and development in general, including both activation and
inhibition of certain signalling pathways depending on the concen-
tration of ROS, NO and hormones. The scheme corresponds to the
recent state of knowledge; it is likely that new interactions and/or
additional players will be described in the future.
5. Subcellular importance of oxidants and antioxidants for
plant growth and development
5.1. Chloroplasts
Plant growth and development depend greatly on the sub-
cellular distribution and accumulation of ROS, antioxidants such
as ascorbate and glutathione, and the redox state of certain cell
compartments. In this context the state of the chloroplasts is deci-
sive for plant growth and development: during photosynthesis the
electron transport chain delivers the reducing power for the plant
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Fig. 6. Cross-talk between hormones, ROS and NO during the regulation of the redox environment. According to this simpliﬁed model, ROS and NO have a central role in
the  mediation of hormonal effects on the cellular redox environment as well as various physiological and molecular processes inﬂuencing plant growth and development.
The  spatial and temporal changes in the levels of ROS, NO and hormones at various organization levels are very important in the operation of this regulatory network. The
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nhibition of certain signalling pathways. Interactions between ROS, hormones and 
A:  salicylic acid.
etabolism. The photosystems within the thylakoids of the chloro-
lasts are the major sources for ROS production in plants [4]. So
ar most research has focused on investigating the direct toxic
ffects of the ROS in the chloroplasts on the plant metabolism,
ut it has been recently acknowledged that ROS accumulation in
he chloroplasts during stress situations also activates signalling
vents and causes changes in the redox state that have a great
mpact on the metabolism as well as on gene transcription and
rotein synthesis [4,21]. In this context the accumulation of ROS
n the chloroplasts seems to be involved in the regulation of cell
eath events [80]. In ﬂu mutants the generation of singlet oxygen
n the chloroplasts within the ﬁrst minute of illumination corre-
ated with the inhibition of plant growth and the development of
ecrotic lesions [80]. Based on the study of gene expression pat-
erns in ﬂu mutants and further studies involving the EXECUTER1
ene the authors concluded that changes in the growth and devel-
pment of these mutants after illumination did not reﬂect the direct
oxic effects of singlet oxygen but rather its role as a signal ini-
iator that activated several stress-response pathways [80]. In this
ontext the EXECUTER1 protein, which is a highly conserved pro-
ein in plastids, seems to be essential as it allows plants to sense
inglet oxygen as a stress signal which leads to the activation of a
enetically determined stress response program [80]. These results
upport the conclusion that cell death events during stress condi-
ions are not only caused by the direct damage of an excess of ROS
n the chloroplasts, but are also indirectly triggered by signalling
vents induced by ROS in the chloroplasts (or in other cell com-
artments). Singlet oxygen signalling is interconnected with other
OS signals as it was shown for H2O2 [6]. In a ﬂu mutant overex-
ressing the gene of thylakoid-ascorbate peroxidase the activation
f nuclear genes related to the EXECUTER1 pathway was  strongly
ecreased [6]. The involvement of H2O2 and O2•− in the redox reg-
lation in chloroplasts was clariﬁed by redox proteomic approach
nd several common target proteins of the two ROS have been
dentiﬁed [see Section 2.1, 11]. A regulatory role for NO was  also
hown in the chloroplasts, where a large part of the cellular NO is
ocalized [81]. NO inhibits the photosynthetic electron transport; it
an therefore regulate photooxidative stress if the rate of NADPH
nd ATP production exceeds the demand for the carbon reducing
ycle [82]. In order to understand how the interplay of ROS and
ntioxidants in the chloroplasts affects plant growth and develop-
ent, future research should focus on unfolding redox signalling
etworks regulated by ROS and antioxidants in the chloroplastssed to control growth and development in general, including both activation and
cur in this network. ABA: abscisic acid, JA: jasmonate, ROS: reactive oxygen species,
and on identifying the role of the components involved in these
pathways.
5.2. Vacuoles
The vacuoles have an important role in the regulation of the
subcellular redox environment and metabolism. During the degra-
dation of H2O2 by vacuolar peroxidases phenols are oxidised to
form phenoxyl radicals [83]. These phenols are then reduced by
Asc, which was detected in elevated concentrations in vacuoles
subjected to high light stress [84]. The sequestration of GSSG in
the vacuoles (10-fold increase in its concentration) seems to be
an important mechanism by which the cat2 mutant (20% cata-
lase activity compared to the control) avoids the negative effects
of GSSG accumulation, such as lesion formation, dormancy or cell
death [24]. The sequestration of GSSG and the detoxiﬁcation of
H2O2 in the vacuoles may  be involved in the control of the cyto-
solic redox potential and the redox state of target molecules, and
subsequently in the regulation of cell division, differentiation and
defence. Future research should focus on resolving the extent of
H2O2 leakage into and accumulation in the vacuoles and to what
extent the vacuoles act as a sink for GSSG in the case of oxidative
stress. Such research is needed in order to clarify the importance of
these pathways for plant growth and development.
5.3. Mitochondria
The glutathione content and redox state in the mitochondria are
also important for proper plant development. Growth defects in
glutathione-deﬁcient rml1 mutants, such as lack of root meristem,
development of short shoots, and smaller rosettes, inﬂorescences,
and ﬂowers, were correlated with low levels of glutathione (3% of
wild type plants) in the mitochondria [85]. In contrast, the glu-
tathione deﬁcient pad2-1 mutant, which develops a phenotype
similar to the wild type, contains wild type glutathione levels in
the mitochondria despite a strong decrease of glutathione levels
(of up to 90%) in all the other cell compartments [86]. Thus, it is
obvious that high, stable levels of glutathione (and ascorbate) in
the mitochondria are essential for proper plant growth, develop-
ment and survival, as they keep ROS levels under control in this
cell compartment. The depletion of antioxidants in the mitochon-
dria favours the accumulation of ROS, which can trigger cell death
[20]. Thus, it is not surprising that the levels of antioxidants
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uch as ascorbate and glutathione in the mitochondria can reach
oncentrations of up to 10.4 and 15 mM,  respectively, and that the
lutathione contents are higher in the mitochondria than in any
ther cell compartments [84,87]. There is a strong drop of ascor-
ate and glutathione contents during darkness-induced senescence
nd a shift towards their oxidized forms were correlated with
 great accumulation of H2O2 in the mitochondria of pea leaves
88]. The importance of the mitochondria in this context is fur-
her supported by the observation that distorted leaf development
uring aging in Arabidopsis mutants lacking a mitochondrial pro-
ease was correlated with elevated levels of ROS, increased amounts
f oxidatively damaged mitochondrial proteins and the impair-
ent of organelle development due to mitochondrial dysfunction
89]. Thus, it seems that the drop in antioxidant contents in the
itochondria during aging favours the accumulation of ROS in this
ell compartment, leading to mitochondrial dysfunction and senes-
ence. Future research in this area should concentrate on the role
f interplay between antioxidants and ROS in the mitochondria
n cell death events and the importance of high, stable levels of
lutathione in the mitochondria for plant growth and development.
.4. Nucleus
There is increasing evidence that the interplay of ROS and
ntioxidants in the nucleus has an important role in successful
ell proliferation and subsequently in plant growth and develop-
ent. In addition, the ROS in the nuclei are important for signal
ransduction between the nuclei, chloroplasts and cytosol, espe-
ially under stress conditions [21]. The ascorbate and glutathione
ontents in the nuclei of fully developed leaves can reach levels of
p to 16.3 and 9.72 mM,  respectively [84,87]. Whereas the ascor-
ate contents in non-stressed leaves were similar to those in the
ytosol, the glutathione contents were as much as double those
n the cytosol [87], indicating the importance of high antioxidant
evels in the nuclei. Large amounts of GSH (up to 80% of the total
ellular pool) co-localize with nuclear DNA during early stages of
ell proliferation, and presumably at the G1 and S phases during
he cell cycle [19]. The sequestration of GSH into the nucleus could
ot be prevented by H2O2 accumulation in the cytosol, indicating
hat even in situations of severe oxidative stress, GSH is transported
nto the nuclei at the expense of the cytosolic GSH pool [19]. The
bserved accumulation of H2O2 in the cytosol [19] was similar to
he situation in animal cells, where oxidation events early in the
1 phase are an essential activator of signalling events leading to
ell proliferation [90]. The depletion of GSH by buthionine sulfox-
mine inhibited the transition of the plant cells from the G1 to the
 phase [91]. Low levels of ascorbate in the quiescent centre of the
oot seem to be responsible for keeping these cells in the extended
1 state [33]. Even though the latter two studies did not speciﬁ-
ally evaluate the situation of antioxidants in the nuclei, it seems
ikely that the accumulation of GSH and high levels of ascorbate in
he nuclei during the G1 phase represent an important strategy in
he antioxidant defence mechanism, allowing the cell cycle to be
ontinued [19]. If the redox balance in the nuclei is disturbed, the
NA is damaged possibly leading to mutations or eventually cell
eath [19].
.5. Peroxisomes
Peroxisomes are a major source for ROS and RNS production
specially during abiotic and biotic stress conditions [22,23].
scorbate and glutathione reach concentrations of 23 and 4 mM,
espectively, under non stressed conditions in this cell compart-
ent [84,91]. Ascorbate contents in peroxisomes are highest
mong all organelles indicating the importance of high levels of
ntioxidants in this cell compartment for proper cell metabolism.ce 211 (2013) 77– 91 87
A strong drop of antioxidative enzymes, an overproduction of
singlet oxygen and H2O2 and a drop of NO in peroxisomes during
senescence indicate an important function for this cell compart-
ment in ROS-mediated senescence [22,23]. The upregulation of
antioxidative enzymes in peroxisomes during abiotic stress condi-
tions such as the exposure to cadmium and excess heat seems to
be an important defense mechanism against ROS and RNS [22,23].
ROS and RNS produced in peroxisomes together with catalase
and other players involved in the ascorbate and glutathione
metabolism have also signaling functions in plants during abiotic
and biotic stress conditions which can lead to physiological and
developmental adaptations of plants and programmed cell death
[22,23]. Thus, we can conclude that peroxisomes play an important
role in cellular oxidative metabolism as they generate ROS and RNS
during senescence, abiotic and biotic stress conditions and release
them into other cell compartments where they lead to modiﬁ-
cations in defense gene expression. Future research should focus
on unraveling the exact mechanisms behind possible signaling
functions of ROS/RNS and antioxidants produced in peroxisomes
during abiotic and biotic stress conditions in order to reveal their
importance for plant growth and development.
5.6. Integrated cell
It can thus be concluded that, the levels of ROS, RNS and antiox-
idants and the redox state of the chloroplasts, mitochondria, nuclei
and peroxisomes have an important role in plant growth and
development. ROS were suggested to participate in the signalling
between the various organelles and nucleus and the cytosolic
antioxidants may ﬁne-tune these signals [6]. In addition, move-
ments of chloroplasts, mitochondria and peroxisomes in the cytosol
and interactions between the organelles may  further affect the
intracellular redox signalling.
Low levels of antioxidants in the nuclei inhibit cell prolifera-
tion, while low levels of glutathione in the mitochondria favour the
accumulation of ROS, leading to growth defects and senescence. The
ROS in the chloroplasts seem to be involved in signalling events that
can trigger cell death. ROS and RNS in peroxisomes are involved in
physiological adaptations during senescence and stress conditions
and are used as signalling agents in order to modify defence gene
expression. The sequestration of H2O2 and GSSG into the vacuoles
is important in avoiding negative effects of these components in
other cell compartments. Thus, the ﬁne tuning of the antioxidants,
ROS, RNS and redox state in these cell compartments is essential
for proper plant growth and development under both non-stress
and stress conditions. Future research in this area needs to clarify
the interplay between ROS and antioxidants in individual cell com-
partments. It should be investigated how large changes in these
parameters trigger signalling events that interfere with the growth
and development of the whole plant.
6. Redox control of ﬂowering time
6.1. Adjustment of ﬂowering to environmental ﬂuctuations
Organisms measure alterations in day lengths using their circa-
dian clocks and by sensing light and temperature conditions for the
best timing of vegetative reproductive transition. Various pathways
help to adjust ﬂowering to these ﬂuctuations: the photoperiod
pathway, the gibberellin pathway, the autonomous pathway, the
vernalization pathway, and the most recently described ‘aging’
pathway [92]. Recent reviews have discussed the relationships
between abiotic stress and the plant circadian clock, and between
the circadian clock and photoperiodism, and have also dealt with
the effect of the circadian clock on determination of ﬂowering
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ime [1,92]. From these studies it became clear that not only are
he phytochrome and cryptochrome photoreceptors are important
or oscillator control under diurnal cycles of light and dark, but
hat feedback from the levels of primary and secondary metabo-
ites, including ROS, RNS and antioxidants, also appears to have on
nﬂuence on oscillator function. At the same time, the circadian
lock is responsible for controlling and amplifying output signals,
etermining the timing of various metabolic and developmental
rocesses, including ﬂowering.
.2. Control of ﬂowering by ascorbate and glutathione
The involvement of both the Asc/DHA and GSH/GSSG redox
ouples has been widely implicated in the control of the ﬂower
eristem initiation [93–95]. The reducing power required for the
sc-GSH cycle is ensured by NADPH, so the modiﬁcation of its
edox state by the overexpression or suppression of a calcium-
ependent NADPH dehydrogenase present in the mitochondrial
lectron transport chain resulted in earlier or later bolting, respec-
ively [96]. Alterations in the endogenous Asc content affected
he ﬂowering time in four Asc-deﬁcient (vtc) Arabidopsis mutants
97], which ﬂowered and senesced before the wild type, irrespec-
ive of the photoperiod. This difference was accompanied by the
igniﬁcantly higher expression of genes related to the circadian
lock and the photoperiodic pathway in the mutants. In con-
rast, ﬂowering was delayed when the Asc content was  artiﬁcially
ncreased, which was correlated with lower mRNA levels of cir-
adian clock-related genes compared with control plants treated
ith water [97]. The authors argued that ﬂower induction was
ffected by Asc itself, not by changes in the redox environment
uring plant development. However, a short day treatment of the
ame mutants delayed development and ﬂowering in an experi-
ent of other authors [98]. The main difference between these two
tudies was that the short day-cultivated plants grew in a much
igher light intensity (250 mol  photons m−2 s−1) [98] than the
rst group (160 mol  photons m−2 s−1) [97]. Higher light intensity
ight change the redox conditions, which could be the reason for
he contrasting phenotypes. It is also worth mentioning that the
lutathione contents in the vtc1 and vtc2 mutant lines were sig-
iﬁcantly higher than in the wild type. Changes in the glutathione
evel were not monitored during plant development under lower
ight intensity [97], although the contribution of GSH to the pro-
otion of ﬂower induction cannot be ruled out. The mechanism
y which Asc directly affects the ﬂowering time is not clear. Sev-
ral authors hypothesised an interaction between Asc and plant
ormones, including gibberellin, abscisic acid, ethylene and sali-
ylic acid [95]. The most likely mechanism linking the homeostasis
f Asc or more generally that of antioxidants and ﬂowering time
nduction is discussed in Section 6.3. The regulatory effect of GSH
n ﬂowering was  demonstrated in two rosette species, Arabidop-
is and Eustoma grandiﬂorum, both by chemical modiﬁcation of its
evel and using mutants [93,94]. The ﬂowering of a late-ﬂowering
rabidopsis mutant, fca,  having increased expression of the FLOW-
RING LOCUS C (FLC) gene and a high GSH level, was  hastened by
ecreasing GSH levels [93]. When studying seeds of an Arabidopsis
ine overexpressing the ﬁrst enzyme of GSH synthesis, the same
esearch group reported [99] that FLOWERING LOCUS C transcript
evels increased at room temperature without any cold treatment.
nexpectedly, in the seeds of this mutant the GSSG levels were
igniﬁcantly higher than in the wild type seeds, and these levels
as comparable to that recorded in seeds imbibed at low temper-
ture. From this, the authors hypothesized that GSSG might be a
ey component in modulating ﬂowering [100], possibly through
he oxidation or glutathionylation of Cys in regulatory target pro-
eins.ce 211 (2013) 77– 91
6.3. Mechanism of the redox regulation of ﬂowering
The most likely mechanism by which the Asc/DHA and
GSH/GSSG redox couples or redox changes in general inﬂuence
the ﬂowering time has recently been reported. The circadian
clock regulates ROS homeostasis and ROS production and scav-
enging have time-of-day-speciﬁc changes [3]. The use of circadian
clock mutants (elf3-1,  lux-1, toc1-1,  cca1-11/lhy-11,  and CCA1-ox)
demonstrated that a functional clock is required for the time-of-
day-speciﬁc regulation of ROS production (Fig. 7). The response to
ROS was  found to be regulated by diurnal cycles, depending on
the time of CIRCADIAN CLOCK-ASSOCIATED1 gene expression. The
authors proposed that the CIRCADIAN CLOCK-ASSOCIATED1 gene
was the master regulator of ROS homeostasis through association
with the Evening element in the promoters of ROS genes [3]. The
ROS signals also have a feed-back effect on other metabolic pro-
cesses controlled by the oscillator [101]. The expression of the
FLAVIN-BINDING KELCH-REPEAT F-BOX1 (FKF1) gene, which is an
output signal of the circadian clock, had dramatic phase delays and
dose-dependent lengthening in response ROS treatments. This is a
very exciting ﬁnding, because a direct connection between FLAVIN-
BINDING KELCH-REPEAT F-BOX1 and ﬂower meristem initiation has
just been discovered [99].
The day length-speciﬁc expression of the FLOWERING LOCUS T
(FT) transcription factor gene determines the timing of ﬂower ini-
tiation both in dicot and monocot plant species (Fig. 7) [96]. Its
transcription is directly activated by the CONSTANS transcription
factor in the case of photoperiod-sensitive overwintering (biennial)
plants. This occurs after fulﬁlment of the vernalization requirement
under long days in the temperate zone of the northern hemisphere.
The LIGHT, OXYGEN, VOLTAGE domain (a photoreceptor absorbing
blue light domain which regulates the activity of other domains of
the protein) of the FLAVIN-BINDING KELCH-REPEAT F-BOX1 pro-
tein interacts with CONSTANS and stabilizes it in the afternoon
on long days [101]. This protein is a blue light photoreceptor,
and blue light stimulates this interaction. Moreover, it simulta-
neously removes the CYCLING DOF FACTOR 1 which represses
both CONSTANS and FLOWERING LOCUS T transcription. Constitu-
tive FLAVIN-BINDING KELCH-REPEAT F-BOX1 transgene expression
stabilized the CONSTANS protein even in the early part of the day,
while FLOWERING LOCUS T expression positively correlated with
the FLAVIN-BINDING KELCH-REPEAT F-BOX1 transcript level [102].
It is possible that ROS signals exert indirect effects on clock output
pathways, thus FLAVIN-BINDING KELCH-REPEAT F-BOX1 protein
could be a potential link between the antioxidants and ﬂowering.
Based on these recent papers, a model of how alterations in ROS lev-
els may  affect the photoperiod-related ﬂower induction pathway
is suggested in Fig. 7.
6.4. Control of ﬂowering by NO
NO also has a pivotal role in ﬂoral transition (Fig. 7). The induc-
tion of the reproductive phase was repressed by exogenous NO
in Arabidopsis, while NO-deﬁcient mutants ﬂowered earlier. NO
enhanced the expression of the FLOWERING LOCUS C gene cod-
ing for a MADS-box transcription factor, which is an inhibitor of
ﬂowering. Many factors, including the components of autonomous
ﬂowering, facilitate the transition to the reproductive phase by
preventing FLOWERING LOCUS C mRNA accumulation. Moreover,
NO suppresses CONSTANS expression, which mediates the effect
of the circadian clock on ﬂowering [103] (Fig. 7). Arabidopsis
thaliana nitrate reductase-deﬁcient double mutants (nia1, nia2)
produced less NO, but had the same pattern of NO emission in
the ﬂoral organs. NO accumulation exhibited tissue- and devel-
opmental phase-speciﬁc changes during ﬂoral development and
occurred only in differentiated stigmatic papillae and in anthers
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Fig. 7. Simpliﬁed model for the redox control of ﬂowering. The left side of the ﬁgure shows the circadian clock-associated photoperiodic ﬂowering pathway under long days.
The  CIRCADIAN CLOCK ASSOCIATED1 (CCA1) gene is expressed in the morning and represses the transcription of the FLAVIN-BINDING KELCH-REPEAT F-BOX1 (FKF1) gene. In the
afternoon, when the proportion of blue light increases, FKF1 degrades CYCLING DOF FACTOR 1 (CDF1) and stabilizes CONSTANS. Together with CONSTANS, FKF1 induces the
expression of FLOWERING LOCUS T (FT) gene. The induction of ﬂowering depends on the day length. CCA1 also affects the transcriptional regulation of ROS-responsive genes
as  shown on the right side of the ﬁgure. Changing ROS levels affect FKF1 expression independently of the clock regulation. ROS thus inﬂuence ﬂower induction. The Asc-GSH
cycle  may  also affect ﬂowering time, most likely through the induction of FLOWERING LOCUS C (FLC) expression. Nitric oxide (NO) induces FLC expression and suppresses
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lONSTANS expression. The right side of the ﬁgure also shows the redox control of the
TRESS2 (OXS2) transcription factor which regulates ﬂowering due to its interaction 
CA1-, FKF1- and OXS2-dependent mechanisms. Dotted lines indicate Asc-, GSH-, R
roducing pollen grains, while it could not be detected in sepals
nd petals. These nitrate reductase-deﬁcient plants ﬂowered preco-
iously, indicating the role of nitrate reductase in ﬂower induction
104]. In Arabidopsis plants, cadmium treatment resulted in ear-
ier ﬂowering due to the suppression of NO accumulation which in
urn led to the up-regulation of the expression of the ﬂowering pro-
oters CONSTANS and FLOWERING LOCUS T, and to the inhibition
f FLOWERING LOCUS C expression [105]. In addition, an NO donor
elayed ﬂowering, while an NO scavenger promoted it under Cd
tress.
.5. Role of RNS, ROS and antioxidants in abiotic stress-induced
owering
Although the results cited in Section 6 originated from care-
ully designed experiments, care must be taken when generalizing
hem from Arabidopsis for distant plant genera, because NO plays
iverse roles in the growth and development of plants and in
heir responses to various abiotic stresses. Abiotic stressors may
lso promote the differentiation of reproductive organs by increas-
ng ROS and NO production as well as by altering the Asc/DHA
r GSH/GSSG ratios. The induction of early ﬂowering will ensure
he survival of the species under stress conditions; therefore the
eproduction is a way of stress escape. Chilling stress increased the
2O2 and NO contents and induced panicle differentiation in mixed
uds of the evergreen tree Litchi chinensis Sonn. [106]. This may
e true for the Asc/DHA and GSH/GSSG redox couples as well. In
heat both the Asc and GSH concentrations and the Asc/DHA and
SH/GSSG ratios were correlated with the level of freezing toler-
nce after 3 weeks at 5 ◦C, but none of these parameters had any
elationship with the developmental phase of the shoot apex when
onitored for the determination of the vegetative/generative tran-
ition [30]. However, the treatment of a spring wheat variety with
xidants enhanced the speed of this transition (G. Kocsy, unpub-
ished results).-induced early ﬂowering. Its central component is the redox-responsive OXIDATIVE
he SUPPRESSOR OF OVEREXPRESSION OF CONSTANS1 (SOC1) gene. Solid lines indicate
nd NO-dependent pathways.
The molecular background of the redox control of stress-
induced early ﬂowering was described recently in Arabidopsis
[107]. The OXIDATIVE STRESS2 (OXS2) transcription factor affected
by the thiol oxidizing agent diamide and the organic peroxide
tert-butyl hydroperoxide controls abiotic stress-induced ﬂowering
by binding to the promoter of the SUPPRESSOR OF OVEREXPRES-
SION OF CONSTANS1 (SOC1)  gene (Fig. 7). The OXIDATIVE STRESS2
protein has dual roles. It is present in the cytoplasm and is nec-
essary for normal growth while delaying ﬂowering under optimal
growth conditions. However, it was  found to be transported to the
nucleus after cold treatment where it interacted with the SUPPRES-
SOR OF OVEREXPRESSION OF CONSTANS1 gene. This transport could
also be induced by abscisic acid treatment, indicating the cross-
talk between hormones and redox processes during stress-induced
ﬂowering [107]. The expression of the OXIDATIVE STRESS2 gene was
not affected by day length, but diurnal changes in its transcript level
due to indirect control by the circadian clock cannot be excluded
(Fig. 7).
7. Conclusions and future directions
The redox changes in the plants are determined by an inter-
action of the genetic program and the environment. They lead to
the reprogramming of the metabolism and consequently to alter-
ations in growth and development. Although the participation of
ROS, RNS and antioxidants in these processes has been intensively
studied, there are still open questions in this ﬁeld. According to a
recent hypothesis, oxidants and antioxidants, which are opposing
components of the redox signalling networks, may  have individual
signalling tasks within a given cellular compartment or niche [8].
The supposed compartment-speciﬁc functions have to be clariﬁed.
A more detailed study of the redox changes during cell growth, dif-
ferentiation and division is necessary. What kind of effect do they
have on the formation of cell compartments or at higher organiza-
tion level on tissues and organs? The description of the speciﬁcity of
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ith hormone and secondary messengers would be also important.
he study of the redox control of sexual processes especially that of
he development of gametophyte would give many new results. The
escription of the redox-dependent spatial and temporal changes
n the transcriptome, proteome and metabolome at various orga-
ization levels during growth and development and evaluation of
he data by systems biology tools would provide new insights into
onverging and diverging redox signalling pathways. Besides its
heoretical importance, a better understanding of the redox con-
rol of plant growth, development and ﬂowering could be useful
or the agriculture. Based on this knowledge, the modiﬁcation of
he cellular redox environment may  be used to the increase the
ield and stress tolerance.
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